ABSTRACT Spatial positioning of pericentric chromosome regions in human lymphocyte cell nuclei was investigated during repair after H 2 O 2 /L-histidine treatment. Fifteen to three-hundred minutes after treatment, these regions of chromosomes 1, 15, and X were labeled by fluorescence in situ hybridization. The relative locus distances (LL-distances), the relative distances to the nuclear center (LC-distances), and the locus-nuclear center-locus angles (LCL-angles) were measured in ;5000 nuclei after two-dimensional microscopy. Experimental frequency histograms were compared to control data from untreated stimulated and quiescent (G 0 ) nuclei and to a theoretical two-dimensional projection from random points. Based on the frequency distributions of the LL-distances and the LCL-angles, an increase of closely associated labeled regions was found shortly after repair activation. For longer repair times this effect decreased. After 300 min the frequency distribution of the LL-distances was found to be compatible with the random distance distribution again. The LL-distance frequency histograms for quiescent nuclei did not significantly differ from the theoretical random distribution, although this was the case for the stimulated control of chromosomes 15 and X. It may be inferred that, concerning the distances, homologous pericentric regions appear not to be randomly distributed during S-phase, and are subjected to dynamic processes during replication and repair.
INTRODUCTION
The three-dimensional architecture of the cell nucleus is not randomly organized but has a functional meaning (T. Cremer et al., 1993 Cremer et al., , 2000 C. Cremer et al., 1996; Parada et al., 2004) . It has been shown by means of whole chromosome painting that each chromosome occupies a distinct, mutually exclusive territory in the cell nucleus. The radial positioning of these territories and their subchromosomal elements are relatively fixed, depending upon the gene density or genetic activity, respectively. Gene-dense chromosomes are found in the interior; genepoor chromosomes are found in the periphery of a nucleus (M. Cremer et al., , 2003 Kozubek et al., 2002; Falk et al., 2002) . Computer simulations support the concept of global positioning that is dependent upon DNA content and gene density of a chromosome territory (Kreth et al., 2004) .
In contrast to the radial positioning, the angular positioning of chromosomes and subchromosomal elements has been found to be random Lukásová et al., 2002; Falk et al., 2002) . Within chromosome territories the centromeres show a peripheral orientation whereas the telomeres are positioned toward the nuclear center (Amrichová et al., 2003; Weierich et al., 2003) . In addition, the centromeres seem to play a significant role in the functional correlation of genome architecture and gene expression (Volpi et al., 2000; Bártová et al., 2002; Taslerová et al., 2003) . The functionally determined positioning of chromosome territories was evolutionarily conserved (Tanabe et al., 2002) , and seems to follow similar rules for several types of normal cells, as in, for instance, lymphocytes, fibroblasts, or amniotic fluid cells (M. Boyle et al., 2001) .
During the cell cycle (G 1 -S-G 2 phase) the chromosome territories undergo only very limited large-scale translational movements, whereas more extended positional changes were observed during the first few hours after mitosis (Parada and Misteli, 2002; Walter et al., 2003) . Quantitative live cell imaging suggests that chromosome territories are only subjected to an independent Brownian-diffusionlike motion (Edelmann et al., 2001) . A higher mobility with diffusion coefficients in the order of 10 ÿ2 mm 2 /s has been reported for Drosophila and yeast (Gasser, 2002; Marshall, 2002) . More complex rearrangements of chromosome territories have been found during mitosis and it is controversially discussed, how and whether chromosome positioning is maintained in daughter cell nuclei (Walter et al., 2003 , Gerlich et al., 2003 .
Besides such open questions of chromosome rearrangements during the normal cell cycle, chromosome organization, under certain functional conditions, has been reported that can be the result of large-scale chromosome movement-as in, for instance, homologous chromosome pairing in meiosis. The meiotic homolog pairing allows the exchange of DNA between homologous chromosomes that is known as genetic recombination (Scherthan, 2001) . Similarly, homologous chromosome association has been observed in somatic cells. Homologous chromosome pairing during interphase has, for instance, been known for many decades for Drosophila (Metz, 1916) . Somatic association of homologous chromosomes and/or subchromosomal regions has also been described for different mammalian cell types in different pathophysiological states (Arnoldus et al., 1989; Marschio et al., 1992; Lewis et al., 1993; La Salle and Lalande, 1996; Stout et al., 1999) . In radiation biology, the rearrangement of chromosomes and subchromosomal elements like centromeres has been studied in human cell lines after a-irradiation (Aten et al., 2004) and after g-irradiation of a few Gy (Dolling et al., 1997; Bártová et al., 1999; Jirsová et al., 2001) . Two and five hours, respectively, after irradiation, the homologous chromosomes or centromeres are located closer to each other than in the not-irradiated control. Recent findings described association processes after 4-Gy irradiation during the first hour of repair for heterochromatic regions, but not euchromatic regions (Abdel-Halim et al., 2004) . These results, in principle, indicated a tendency toward homolog association during repair.
The work presented here is addressed to study whether somatic homolog association is a general feature of human peripheral blood lymphocytes after repair activation induced by strand breaks. In .5000 cell nuclei, homologous locus distances (LL-distances), locus-to-nuclear center distances (LC-distances), and the locus-nuclear center-locus angles of pericentric regions have been determined interactively for different chromosomes and different repair times after H 2 O 2 /L-histidine treatment, which is known to induce DNA single-and double-strand breaks (Szumiel et al., 1995) , thus activating DNA repair. Assuming that centromere association is a basic effect for the association of whole chromosome territories, homolog association may be an essential effect to correlate two homologous DNA matrices for replication involved in repair activities and recombination.
MATERIALS AND METHODS

Cell preparation
Whole peripheral blood samples from two healthy female donors were taken into 0.5% heparin solution. The lymphocytes were stimulated and cultivated in tissue flasks with chromosome growth medium B, which included phytohemaglutinin (Biochrom, Berlin, Germany) for 78 h at 37°C. To enrich cells in G 1 /S-phase, they were treated with thymidine (Sigma, St. Louis, MO) at a concentration of 300 mg/ml and incubated for another 16 h. To identify S-phase cells, the cultures were pulse-labeled with bromodeoxyuridine (BrdU). The cells were then centrifuged for 10 min at 200 g and washed once with fresh chromosome growth medium B, and the cells were incubated for 30 min in the presence of BrdU at a concentration 10 mg/ml (Sigma). BrdU incorporation was stopped by centrifugation of the cell suspension at 200 g for 10 min and resuspending the pellet in a hypotonic solution containing 75 mM KCl (Carl Roth, Karlsruhe, Germany). After incubation at 37°C for 30 min and centrifugation at 200 g for 10 min, the cells were fixed either with cold (ÿ20°C) methanol/acetic acid (3:1) according to standard procedures or with formaldehyde (see next paragraph).
H 2 O 2 /L-histidine treatment
The cells were treated with H 2 O 2 , which is known to induce single-strand DNA breaks (Szumiel et al., 1995) . In combination with L-histidine, doublestrand breaks are also induced (Sestiti et al., 1995; Hausmann et al., 1998) . After BrdU incorporation, the cells were washed with fresh chromosome growth medium B and centrifuged at 200 g for 10 min. Ten milliliters of prewarmed (37°C) PSA (Gibco BRL, Invitrogen, Gaithersburg, MD) was carefully added and mixed into the cell pellet. After centrifugation (200 g for 10 min), the cell pellet was resuspended in 25 ml H 2 O 2 mixture (100 ml PBS 1 100 ml H 2 O 2 1 0.0209 g L-histidine resulting in 10 mM H 2 O 2 and 1 mM L-histidine final concentration in PBS; all chemicals from Sigma) for 30 min at 37°C. The pellet was resuspended in 25 ml fresh chromosome growth medium B after centrifugation at 200 g for 10 min and incubated for 15, 30, 60, 120, and 300 min at 37°C. Then the interphase nuclei were isolated as described above.
For each incubation time, an aliquot of the cell nuclei was tested for vitality, apoptosis, or necrosis using a three-color labeling approach. The cells were stained for 30 min at 37°C with 8 mM calcein-blue-atoximethylester (Molecular Probes, Eugene, OR), 1 mM ethidium homodimer (Molecular Probes), and 20 mM AnnexinV (Roche, Basel, Switzerland) in a solution of 10 mM HEPES, pH 7.4 and 5 mM Ca
21
Cl 2 . The cells were scored by fluorescence microscopy (see below) and classified according to the following criteria: cell nuclei with good vitality after the treatment were blue, due to cytosolic esterase activity; cell nuclei having achieved apoptosis were blue-green-labeled on the surface; and necrotic cells showed a combined staining of green and red fluorescence.
Formaldehyde fixation and in situ hybridization
In some cases the cell nuclei were fixed with formaldehyde according to the protocol of Neves et al. (1999) . In brief, 100 ml of a cell suspension (;10 7 cells/ml) was spread on poly-L-lysine (.300,000 kDa, Sigma)-coated slides and the cells were allowed to attach for 10 min. The cell suspension was carefully overlaid with one volume (100 ml) of 23 fixation buffer (1% Triton X-100, 7.4% formaldehyde freshly prepared from paraformaldehyde, 130 mM PIPES, 60 mM HEPES, 20 mM EGTA, 4 mM MgCl 2 , pH 6.9). Then the cells were fixed for 15 min at room temperature. The exceeding solution was drained carefully and the cells were washed three times in PBS. After that the cells were permeabilized in 0.7% Triton X-100 in 0.1 M HCl, and diluted in PBS at 4°C for 15 min. The slides were washed again as described above. The RNA was removed by incubation in 0.1 mg/ml RNase A in 23 SSC at 37°C for 30 min. Then the cells were washed once more (three times in PBS) and processed for hybridization.
Fluorescence in situ hybridization and DNA probes
For fluorescence-in-situ hybridization (FISH) commercially available DNA probes (Appligene Oncor, Qbiogene, Illkirch, France) specific for the pericentric regions of chromosomes 1, 15, and X were used. In the case of cells not treated with H 2 O 2 /L-histidine, the pericentric regions were labeled with digoxigenin and visualized with rhodamine anti-digoxigenin. In the case of cells treated with H 2 O 2 /L-histidine the pericentric regions were labeled with biotin and visualized with FITC avidin.
Briefly: Methanol/acetic acid fixed cell nuclei were denatured by incubation in 70% formamid/23 SSC, pH 7 at 70°C for 2 min and then dehydrated in 70%, 80%, and 95% cold ethanol (ÿ4°C) for 2 min each. Formaldehyde-fixed cell nuclei were denatured in 50% formamid/23 SSC at 75°C for 20 min and quenched in the same solution at 4°C. One-and-onehalf microliters of DNA probe were combined with 30 ml Oncor Hybrisol VI and denatured by heating in a water bath at 72°C for 5 min. Thirty microliters of the probe mixture were added to the denatured target, protected with a coverslip, and incubated overnight in a humidified chamber at 37°C. The slides were washed in 0.53 SSC, pH 7, at 72°C for 5 min and cooled down in 13 PBD at RT for 2 min. For the detection of the hybridized sites, 60-ml rhodamine-labeled anti-digoxigenin or 60-ml FITC-labeled avidin, respectively, were applied and incubated under a plastic coverslip for 5 min at 37°C. Then the slides were rinsed three times in 13 PBD for 2 min each. Afterwards the specimen was counterstained with 30 ml DAPI/ DABCO/glycerol and sealed with a cover-glass.
S-phase identification
To identify the stimulated cells, BrdU incorporation sites were visualized by fluorochrome-labeled antibodies. In the case of cells not treated with H 2 O 2 / L-histidine, 50 ml of a FITC-labeled mouse anti-BrdU antibody (clone BMC 9318, Roche; 1:1000 diluted in 0.9% NaCl, 0.1% Tween 20) were added and incubated for 1 h at 37 C. In the case of cells treated with H 2 O 2 /L-histidine, 50 ml (from a 1:1000 dilution with 0.9% NaCl, 0.1% Tween 20) of a mouse anti-BrdU antibody (clone BU-33, Sigma) were added and incubated for 1 h at 37°C. After washing in 13 PBD, 50 ml of a rhodamine-labeled goat antimouse antibody (10 ml antibody stock solution 1 80 ml of 2% BSA in PBS; Roche) were added and again incubated at room temperature for 15 min. Afterwards the specimen was washed twice in 13 PBD.
All treatments, preparations, and hybridizations have been repeated at least twice for each data point.
Microscopy and image analysis
For two-dimensional microscopy a Zeiss Axioskop fluorescence microscope equipped with a 50-W HBO illumination source, a Plan-Neofluar oil objective 633/NA 1.25 and appropriate filter settings for DAPI, FITC, and rhodamine (Carl Zeiss, Jena, Germany) excitation and emission were used. The cell nuclei were selected visually by random access. For each color (filter setting) an image was acquired by a sensitive black-and-white chargecoupled device camera (Photometrics, Roper Scientific, Tucson, AZ) so that the complete information of each cell nucleus was obtained by three images. Image acquisition was controlled by a FISH software package (Quips M-FISH, Vysis, Downers Grove, IL) running on a Power MacIntosh computer. For visualization the images were merged by the software and transferred to false colors. The images were exported as 24-bit RGB TIF-files.
Quantitative image evaluation was performed on a PC running under Windows. Using a home-developed macro for Scion Image (Scion, Frederick, MD) each cell nucleus was analyzed interactively. A fitted ellipse was used to measure the major and minor axes as well as the center of the nucleus. The centers of the labeling sites were user-determined by visual inspection of the images on the computer screen. With these input values the projected LL-and LC-distances of the homologous FISH-labeled sites were calculated relative to the nuclear diameter ( Fig. 1 ). In addition, the projected LCL-angles were calculated geometrically. Then the data were further treated using a standard spreadsheet program.
In control experiments, three-dimensional image stacks were acquired using a confocal laser scanning microscope (LSM 510, Carl Zeiss) equipped with an argon ion laser (l ¼ 488 nm) and a HeNe laser (l ¼ 546 nm). In these image stacks the three-dimensional distances between homologous FISH-labeled sites and the distances of the FISH-labeled sites to the nuclear center relative to the nuclear diameter were determined interactively using the Zeiss LSM software 3.0, Axiovision 4.2 (Carl Zeiss), and ImageJ.
Estimate of an association criterion for pericentric regions
In the two-dimensional data set all LL-distances of labeled sites from nearly overlapping up to a nearly nuclear diameter were found. These distances were summed up in frequency classes of 0.1 d n (d n ¼ nuclear diameter). All distances #0.15 d n were assigned to pericentric regions classified as associated. Larger distances were classified as nonassociated pericentric regions. These classification criteria were not compatible with considerations of a continuous movement of pericentric regions. However, biological aspects of gene loci movements in living cells of ;2 mm support the definition of closely associated loci within this range (Roix et al., 2003) . In addition, considering fluctuations in FISH efficiency and labeling intensity as well as resolution restrictions in microscopy resulted in this value. If one assumed a typical nucleus diameter of 10 mm and a diameter of a pericentric region of 0.5 mm, the association criterion resulted in a center-to-center distance of the labeled sites #1.5 mm. Thus the border-to-border distance could be 1 mm, assuming ideal sharp and spherical labeling sites. However, these appeared to be fuzzy. Assuming an effective optical resolution of .0.35 mm (Edelmann et al., 1999) and fluctuations in the FISH efficiency and labeling intensity of ;20% (Celeda et al., 1994) , which has an influence on the segmentation of the labeled site, 1-mm apparent distance between the labeled sites was a reasonable value to use in regard to closely associated pericentric regions. Note, however, that this definition of closely associated pericentric regions is only given to characterize different distance distributions by a handy number (Table 1) . This criterion was not used in the statistical analysis (see below).
Theoretical distribution of distances between three-dimensional random points
To draw conclusions from our microscopic measurements it was considered that all images obtained were only two-dimensional projections of a three dimensional object. Therefore, it was necessary to verify that an increased frequency of a certain distance was not due to this projection effect of randomly distributed distances between labeled sites. Please note that throughout the rest of the article, the term distance denotes two-dimensional projections (LL-distances or LC-distances) of three-dimensional distances.
To generate a theoretical distance distribution we assumed a uniform distribution of points in a three-dimensional ball. This differs from some theoretical calculations in literature that were based on radially dependent point distributions (Jirsová et al., 2001 ). The series of values for a theoretical distance distribution was simulated using random number generators from Press et al. (1992) for points in the three-dimensional ball. In the following, briefly we describe in a straightforward way how to compute the probability FIGURE 1 Example of a cell nucleus showing the interactively determined nuclear diameter (d n ), the locus distance (LL-distance), the locusto-nuclear-center distance (LC-distance), and the locus-nuclear center-locus angle (LCL-angle) for quantitative evaluation. Bars (L 1 ; L 2 ) indicate the hybridization signals. C ¼ center of the cell nucleus; d n ¼ diameter of the nucleus. Shading represents the total DNA stained with DAPI, whereas the solid spots indicated with L 1 and L 2 are the labeled centromeres. density f(l) of the projected distance l of two independently uniformly distributed points in the unit 3-ball B(1/2) of radius 1/2 (we choose this radius to normalize the maximal length l to the value of 1). Two random points with coordinates (x i , y i , z i ), i ¼ 1,2, are projected parallel to the z axis to their coordinates (x i , y i ) in the two-disk D(1/2) of radius 1/2. To each point (x,y) in D(1/2) we assign the non-normalized one-dimensional measure mðx; yÞ ¼ 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1=4 ÿ x 2 ÿ y 2 p of the line segment within the 3-ball which is projected onto (x, y). Outside D(1/2) we define mðx; yÞ ¼ 0. Then, for a fixed point (x,y) in D(1/2), the total (non-normalized) measure nðx; y; lÞof points at projected distance l from (x,y) is nðx; y; lÞ ¼ Z Cðx;y;lÞ mðxðsÞ; yðsÞÞ ds;
where integration with respect to the curve-length parameter s is performed on the circle C(x,y;l) of radius l with center (x,y). Now we compute the probability density f(l) for finding a projected distance l by integrating this measure n(x,y;l) with the weight m(x,y) of point (x,y) over D(1/2), fðlÞ ¼ A Z Dð1=2Þ mðx; yÞ nðx; y; lÞ dxdy:
Here, A is the normalizing constant such that R fðlÞdl ¼ 1: Taking into account the spherical symmetry of the problem, the integrals mentioned were computed numerically using variations of methods as found in Press et al. (1992) and De Boor (1978) .
The theoretical three-dimensional lengths distribution C(l) was also calculated analogously integrating sphere surfaces of radius l within B(1/2) for all possible center points yielding a polynomial function. Using this distribution C(l) and an appropriate projection to D(1/2), the integral f(l) can also be represented analytically (Schmitt and Hausmann, 2002) .
The resulting continuous two-dimensional distance frequency curve f(l) was asymmetrical with a mean value at 0.40 d n and a maximum at ;0.35 d n . This frequency distribution was transferred to a histogram analogous to the histograms of the experimental data, i.e., integrating in steps of 0.1 d n (Fig. 2) . Within the association criterion of 0.15 d n , 9.7% of all distances can be found by assuming a random distribution in a unit 3-ball. In addition to LL-and LC-distance distributions, we also investigated the LCL-angle distributions of the homologous-labeled sites. Assuming only radial dependence of the centromere distribution in the three-dimensional ball (M. Kozubek et al., 2002) and no angular dependence (rotational symmetry), it is an elementary geometrical observation that the frequency of angle a measured in three dimensions is given by (sin a)/2, and, measured as a projection to a center plane of the circle in two dimensions, is given by the constant function 1/p . For a proof in the first case, consider the volume of the ball sector with opening angle 2a, which describes the proportion of angles smaller than as well as including a, hence defining the value of the distribution function. In the latter case, consider the orange slice with opening angle 2a projected to the two-dimensional center-circle arc-center triangle (e.g., LCL in Fig. 1 ).
Statistical analysis
The distance and angle frequency distributions were not Gaussian and were calculated on the basis of entities of different sizes. They were, therefore, compared using the ANOVA ranking test with the Kruskal-Wallis one-way analysis of variance on ranks.
In an ANOVA test, a set of distributions is tested against a distinguished reference distribution. The result of the test reveals a test frequency distribution being statistically distinguishable or not from a reference frequency distribution on a certain significance level (in our case p ¼ 0.05 was chosen for a type 1 error). In addition to this yes/no decision, a ranking is given as to which test frequency distributions are more or less likely to be comparable to the reference frequency distribution. This ranking and the classification of significantly different frequency distributions depends on the configuration of the whole set being tested and ranked.
For these reasons, we designed eight different test scenarios. As references for each chromosome type, we chose:
1. The respective frequency distribution of the stimulated but untreated control (S), which is also regarded as the starting distribution for the repair activation at time t ¼ 0. 2. The respective frequency distribution of the quiescent (nonstimulated) control (U). 3. The theoretical frequency distribution (T) obtained from the simulated random distribution.
The sets tested for each chromosome (D) always included the frequency distributions after different repair times of: 15 min (D15), 30 min (D30), 60 min (D60), 120 min (D120), and 300 min (D300). Four tests against S were performed for the combinations fDg, fD,Ug, fD,Tg, and fD,U,Tg. For the reference frequency distribution U, S was always included as the starting distribution at t ¼ 0, resulting in test sets fD,Sg and fD,S,Tg. Analogously, for T as reference frequency distribution, the test sets are fD,Sg and fD,S,Ug. The results of such an ensemble of test sets need neither be symmetric nor transitive. However, in our case they are symmetric. We also did not have to include correction for ties, which in our type of measurements are very unlikely to occur, and in fact, did not.
All measurement series were processed by SigmaStat (SPSS, Tucson, AZ) for statistical analysis and the results were transferred to SigmaPlot (SPSS) for further graphic representation.
RESULTS
Lymphocytes were stimulated, enriched in early S-phase by thymidine treatment and the nuclei in S-phase were identified by fluorescence detection of the incorporation sites of BrdU. All cell nuclei analyzed show two FISH spots of two homologous pericentric regions. Typical examples for twodimensional images in false colors are shown (Fig. 3) . The BrdU signal in correlation to the DAPI fluorescence allowed the determination of the amount of cell nuclei in S-phase in this image section. In the merged image, S-phase cell nuclei with closely associated and nonassociated homologous pericentric regions were distinguished. Cell nuclei showing an aberrant morphology were excluded from the evaluation. For aliquots of each preparation, the three-color assay was applied, which revealed ;10% apoptotic and necrotic cells for short repair times. With increasing repair time this amount decreased.
For quantitative evaluation, the two-dimensional images of apparent morphologically intact cell nuclei were visually selected by random access. Between 97 and 470 nuclei were FIGURE 3 False color images of cell nuclei of stimulated human lymphocyte after thymidine treatment and BrdU incorporation. The DNA of the nuclei was counterstained with DAPI (a). Pericentric regions of chromosome X were labeled with rhodamine (b). Fluorescence labeling of the BrdU incorporation sites by FITC (c) indicated that from threeto-five nuclei were in S-phase for this image. In the merged image [(d) ¼ (a)1(b)1(c)] the nuclei were classified as 1, G 0 /G 1 cells, associated; 2 and 4, S-phase, associated X-centromeres; 3, S-phase, nonassociated X-centromeres; and 5, G 0 /G 1 -cells, nonassociated. analyzed in each experiment. The relative LL-distances between the pericentric sites were measured to test for chromosome association. The frequency of small LLdistances was highly increased in repair-activated cell nuclei. In addition, a significant increase of associated pericentric regions of chromosomes 15 and X were found in stimulated cell nuclei without H 2 O 2 /L-histidine treatment. Nuclei were classified according to the 0.15 d n association criterion into nuclei with closely associated and nonassociated pericentric regions. In Table 1 the results for the three different chromosome types are shown. In all cases the relative amount of cell nuclei fulfilling the association criterion was higher than the expected value for the random distribution of Fig. 2 , which was 9.7%. For repair activation, all three chromosome types analyzed showed an increase in centromere association after the first 30 min, followed by a decrease for longer repair times.
The relative frequencies of LL-distances measured in cell nuclei were plotted in frequency histograms of steps of 0.1 d n (Fig. 4) without any further consideration of the association criterion. With the exception of quiescent (nonstimulated) cell nuclei, where the maximum was at ;0.4 d n , typically the maximum of the frequency histogram was found at small distances. In addition, a smaller increase at ;0.4 d n was found in some histograms. This was corresponding to the maximum of the simulation (random distribution) histogram. On the significance level of 95% all three distributions of quiescent cell nuclei did not differ from the random distribution.
In Table 2 the results of the significance tests for the histograms in Fig. 4 are shown. For chromosome 1, the results for the three reference distributions S, U, and T are quite reasonable. In all eight tests, whenever a test set containing S, U, or T was examined, they were classified as not distinguishable (p ¼ 0.05). We therefore accept the hypothesis that the stimulated (S) as well as the nonstimulated (U) and the theoretical distributions (T) are equivalent. On the other hand, the distributions D15-D120 never compared to one of these reference distributions, so that we conclude: The frequency distributions for 15-, 30-, and 120-min repair times are always significantly different from S, U, and T. For D300, the result is more complicated. When tested against U, these two distributions are not different (p ¼ 0.05). However, D300 is significantly different to S and T. This shows that the results of an ANOVA test need not be transitive. This reasoning is also motivated by the ranking in the eight ANOVA tests performed for chromosome 1 (data not shown).
For chromosome X, the results are straightforward. Here, the symmetric results concerning S, U, and T show that T and U cannot be distinguished, whereas S differs significantly. The results for the four tests against S are also unique, namely D300 is not significantly different from S. All other possible pairs show significant difference. The same reasoning holds for chromosome 15 except for the results concerning the distribution at t ¼ 120. Here, not only D300, but D120, are not significantly different from S.
Significant differences between LL-distance distributions could also be caused by movements of the centromeres toward the center. To test this hypothesis, the LC-distances were measured and represented in frequency histograms (Fig. 5) comparable to Fig. 4 . The labeled pericentric regions of the nonstimulated cells are located mainly toward the nuclear periphery. After stimulation the labeled regions were found to be slightly shifted to the nuclear center. For chromosomes 1 and 15 the distributions are almost similar to a uniform distribution, i.e., the labeled regions are located radially independently. During the first 120 min of repair time, the amount of smaller LC-distances increased, which can be interpreted by a movement of the labeled sites toward the center. This movement is then reversed, as can be seen from the frequency distributions at t ¼ 300. Assuming a rotational symmetric distribution of the pericentric regions, the movement toward the nuclear center would lead to an increase of apparently short LL-distances.
On the other hand, rotational symmetry would imply uniform LCL-angle distributions (see Materials and Methods). Fig. 6 shows the LCL-angle distribution for all different cases as in Figs. 4 and 5. Uniform LCL-angle distributions were only found for the quiescent cells. In all other cases the frequencies of small angles (0°-10°) are dramatically overrepresented (up to more than sixfold). It should be noted that in all these cases the distributions for the higher angles are closely compatible to the uniform distribution.
To verify that the apparent association of labeled sites has not occurred artificially due to preparation, the distribution of the pericentric regions was estimated in three-dimensional conserved cell nuclei after formaldehyde fixation by means of imaging by confocal laser scanning microscopy. In total, .300 cells (in two independent experiments) were analyzed. Fig. 7 shows an example of a three-dimensional image stack. In this example two of five cells show associated labeled sites. Since the acquisition time for three-dimensional images is considerably longer than for two-dimensional images, only ;20 cells were measured per data point and experiment. Stimulated cells were compared to nonstimulated ones. In the three-dimensional image stack the threedimensional LL-distances as well as the three-dimensional LC-distances were measured. These measurements were normalized to the diameter of the nucleus at the center focal plane. From these data two-dimensional projections were determined and compared to the two-dimensional measurements described above. Table 3 summarizes the results. Within the statistical limits, the two-dimensional projection data are compatible with the two-dimensional results obtained by epifluorescence microscopy. This indicates that the two-dimensional analysis applied above, together with methanol-acetic acid fixation, can be used for the experiments if appropriately large numbers of cell nuclei are analyzed. 
Conclusion
These data indicate an increased frequency of associated pericentric regions in the first 2 h of DNA repair. Two-to-five hours after repair activation, this effect disappears and the frequency distribution of LL-distances approaches the distribution of the stimulated control.
DISCUSSION
Knowledge on the association of homologous chromosome elements during the cell cycle indicates large-scale chromatin movements correlated to functional significance. In this article, the association of pericentric regions in stimulated and repair-activated lymphocyte cell nuclei was studied. The results indicate that in contrast to quiescent cells, in stimulated cell nuclei of peripheral blood lymphocytes, pericentric regions of chromosomes 15 and X are not randomly distributed. During repair activation, especially within the first 2-5 h after induction of DNA strand breaks, all analyzed chromosomes appear to be subjected to large-scale movements. Assuming that the association of these pericentric regions reflects whole-chromosome association, which was supported by preliminary investigations using chromosomearm painting DNA probes (data not shown), the increased frequency of close chromosome association after repair activation may be interpreted as an essential functional effect to obtain a correct sequence matrix for DNA double-strand repair, especially homologous recombination repair.
This interpretation of our data does not contradict recent findings (Abdel-Halim et al., 2004) . In this publication a homologous association was only found for a heterochromatic region on chromosome 9 and not for an euchromatic one on chromosome 8 after 4-Gy irradiation. The authors did not compare their result for small bands with the result one would find using FISH painting probes. Moreover, the general conclusion that heterochromatic regions tend toward association after irradiation, supports our findings for the heterochromatic pericentric regions.
Although our results were obtained from fixed specimen, a simple estimate shows the potential movements being required to fulfill the experimental findings. If one assumes that homologous chromosomes are usually arranged in diametrical positions in cell nuclei (Nagele et al., 1999 ) of a diameter of 10 mm, an average distance of half a nuclear diameter between homologous centromeres (5 mm) seems to be realistic before repair activation. Furthermore, the duration of the repair phase in which chromosome association was observed was ;5 h. Thus, a velocity of the centromeres for association and separation of 2 mm/h or even more may be estimated. This indicates that large-scale movements of chromosomes at velocities in the range of mm/h may happen in cell nuclei. The driving forces behind such movements, however, are unknown. So far, most studies done by in vivo microscopy suggest only diffusionlike movements of chromosome territories in the interphase (Dundr and Misteli, 2001 ). However, large-scale movements, especially in cells under genotoxic stress, e.g., by strandbreak induction, cannot be excluded (Zink and Cremer, 2003) .
At a first glimpse, the results for stimulated lymphocytes in comparison to quiescent cell nuclei appear to contradict results of Ferguson and Ward (1992) , which describe the spatial distribution of the centromeric and two telomeric chromosomal domains in fresh human T-lymphocytes after sorting G 1 -, S-, and G 2 -phase cell nuclei by flow cytometry. They found dynamic changes of centromere and telomere domains during the cell cycle but did not observe homolog association in S-phase. However, the authors only used a subcentromeric chromosome-1 probe for S-phase analysis, which again agrees well with the findings described here for stimulated versus quiescent cells. 
R is the reference frequency distribution chosen against which the test set is compared. D is the set containing the frequency distributions D15, D30, D60, D120, and D300. S is the frequency distribution of the stimulated, not repair-activated cells corresponding to the starting frequency distribution at t ¼ 0. U is the frequency distribution of the quiescent (nonstimulated) cells, and T the theoretical, random frequency distribution. The plus symbol (1) designates that the corresponding distribution is not distinguishable from the reference distribution R. The minus symbol (ÿ) indicates significant difference to reference distribution (p ¼ 0.05). n means not applicable since the corresponding distribution does not appear in the test set. All other members of the test set not mentioned differ significantly from the reference distribution (for details see text). The results also differ from the results of Dolling et al. (1997) and Bártová et al. (1999) , both of whom also found homolog association after exposure of the cells to g-radiation at 5 h after the irradiation. Jirsová et al. (2001) showed a centromere association in the first 2 h after g-irradiation, which on a first glimpse appears to be compatible to our results of homologous centromere distances. Jirsová et al. (2001) , however, were able to explain their findings under the assumption of a radial symmetry model by a mere radial movement of both centromeres to the nuclear center. Such an explanation contradicts our measurements of LCL-angle distributions which clearly indicate that the rotational symmetry during repair cannot be justified. These findings and differences may be explained in such a way that H 2 O 2 /Lhistidine causes single-and double-strand breaks similar to ionizing radiation, although the cellular reaction may be very different. For instance, the position and duration of cell cycle arrests may be different. Such effects can be also observed for other types of radiation; for instance, a-radiation (Aten et al., 2004) in comparison to g-radiation.
A methodological argument against our results may be that the process of cell fixation by methanol/acetic acid and dehydration in combination with FISH procedures influences the nucleus architecture and spatial organization, especially on the nanoscaled level of chromosome morphology Winkler et al., 2003) , which may also influence the positions of the centromeres. In principle, such effects can be observed since the cell nuclei are flattened. This has an effect on the vertical (z) axis of the nucleus but in practice this should not have a considerable influence on the relative lateral (i.e., two-dimensional projection) distance measurements (Kozubek et al., 2000 and our own measurements shown here), especially for late G 1 -and S-phases where the centromeres tend to a more peripheral position in the cell nucleus (Weierich et al., 2003) . Nevertheless largescale chromosome movement has been reported to be restricted to M-and early G 1 -phases in unstressed cells.
Our experimental concept was confirmed by other investigations (van den Engh et al., 1992; Höfers et al., 1993; M. Cremer et al., 2001) in which the results obtained FIGURE 7 Association of pericentric regions shown in optical sections through three-dimensionally preserved cell nuclei. The solid spots are the labeled centromeres #1, visible in a group of five cells. The typical height of the cell nuclei was 6.7 6 0.5 mm as measured by confocal laser scanning microscopy. BrdU incorporation during S-phase is shown in shading. In this example, according to the 0.15 d n criterion, two of the five nuclei showed associated centromeres (c and d) after measuring the distance in three dimensions by the LSM software 3.0 (Carl Zeiss). using a two-dimensional approach corresponded to a threedimensional analysis carried out by confocal microscopy. Also, an observation of nuclear-center-to-centromere distances for chromosome 3 did not lead to considerable differences for methanol/acetic acid fixation in comparison to formaldehyde fixation . Moreover, the increase of distance frequencies at 0.4 d n in our experimental data in comparison to the theoretical distribution confirmed that the cell nuclei can still be seen as threedimensional ball-like objects. The results presented here show an easy, straightforward procedure to statistically analyze cell nuclei according to dynamic effects of chromosome rearrangements without having to resort to complex in vivo imaging and threedimensional analysis procedures. The data cannot be used to describe information of a single-cell behavior, but can be interpreted for principle effects in functional nuclear organization of chromosome territories.
So far, all these conclusions are drawn from centromere results and not from results obtained by chromosome painting or a pattern of genome regions along a chromosome arm. The centromere association may also be interpreted as an intrachromosomal rearrangement, if the chromosome territories are juxtapositioned in direct neighborhood. However, there is no direct evidence that the chromosome territories are so extended in size that they would fulfill all measured centromere distances by intrachromosomal rearrangements. Moreover, it has been shown that the centromeres can be used to describe the chromosomal positioning in the cell nucleus (Sun et al., 2000) .
In conclusion, the results presented here support the assumption that association accompanied by large-scale movement of homologous chromosomes is a general feature of double-strand, repair-activated human lymphocytes. So far, the driving forces for such large-scale movements are not known. One might speculate that the genome uses this effect to colocalize the maternal and paternal DNA matrix within a nuclear subvolume and to compare the genomic content of homologous regions. Since H 2 O 2 /L-histidine is known to induce single-and double-strand breaks the cell may use the second homolog as a template for repair. The assumption of active association of chromosomes is supported by chromosomal S-phase association of imprinted genome regions like the Prader-Willi/Angelmann region (La Salle and Lalande, 1996) . To control the genetic activity of these regions, a comparison and replication of the methylation pattern appears to be necessary. This might be much easier if the corresponding genome regions are spatially colocalized.
In the analysis presented here, the association of pericentric regions of three selected chromosomes is described. These chromosomes differ considerably either in EST-density (density of expressed sequence tags) or in their size/DNA content to obtain examples for different radial positioning . Further progress with respect to questions of repair activity and genetic activity can be made if not just centromeres, but also typical breakpoint regions such as abl on chromosome 9 or bcr on chromosome 22, are studied-which can be the task of future investigations. Therefore the association of chromosome arms as described by Lewis et al. (1993) might be a general phenomenon in cycling cells, and not restricted to the pathophysiological state.
